Objective: To determine the extent and causes of iodine deficiency among women during pregnancy and lactation in the southeastern plains of Nepal. Design, Setting and Subjects: Urinary iodine (UI) was assessed as an indicator of iodine status in spot urine samples of women participating in a field trial in three rural communities in the plains of southeastern Nepal. Samples were collected during pregnancy (n ¼ 1021) and during lactation at 3-4 months postpartum (n ¼ 1028) at a central clinic; 613 women were assessed at both times. Salt iodine (SI) content was assessed semiquantitatively at 6-7 months postpartum in households (n ¼ 1572). Results: During pregnancy and lactation, median UI concentrations were 0.756 and 0.483 mmol/l, respectively, indicating mild iodine deficiency. UI and SI concentrations covaried markedly by season and were highest during hot, dry, premonsoon months and lowest during and following the humid monsoon season. Within women who contributed urine samples during both pregnancy and the postpartum period, iodine status determined by UI was not correlated. The percentage of households with adequately iodized salt (30 ppm) ranged from 85 to 44% from the hot, dry to the humid seasons, respectively. Conclusions: In the rural southern plains of Nepal, iodine deficiency remains a mild-to-moderate public health problem among pregnant and lactating women despite the availability of iodized salt. Marked seasonality in SI content may account for the lack of intraindividual correlation between maternal iodine status during pregnancy and postpartum periods and contribute to periodicity in the risk of iodine deficiency.
Introduction
Iodine deficiency remains a significant public health problem in the southeast Asian country of Nepal. By one estimate, up to 16 of its 21 million people are at risk of iodine deficiency (Micronutrient Deficiency Information System Project, WHO Nutrition Unit, 1993) . Salt iodization, initiated nationally in 1973 (Clugston et al, 1987) , constitutes the major defense against iodine deficiency in the plains (terai) of the country, a region where nearly two-thirds of the population lives. While presumed to be effective, at the time of this study, little data existed on iodine status in this region of Nepal. This is in contrast to clear evidence of iodine deficiency in populations in the hills and mountains of the country (Dahal, 1993) , where iodized salt is less available, and in other regions of the Indo-Gangetic flood plains of India and Bangladesh (Micronutrient Deficiency Information System Project, WHO Nutrition Unit, 1993) . Although a 1996 survey found that nationally more than 90% of households used salt that contained some iodine, salt iodine (SI) levels were not quantified in that survey, so it is unknown whether salt iodization was sufficient to affect iodine-deficiency disorders in the terai region (Ministry of Health, His Majesty's Government, Nepal, 1997) .
Urinary iodine (UI), which reflects the excretion of excess iodine following recent dietary intake, is a valid and commonly used population indicator of iodine deficiency and responsiveness to control measures. According to WHO/ UNICEF/ICCIDD guidelines, mild iodine deficiency is present when the median UI concentrations of a population fall between 0.395 and 0.790 mmol/l (50-100 mg/l), and moderate iodine deficiency is present when median UI concentrations fall between 0.16 and 0.395 mmol/l (20-50 mg/l) (WHO/ UNICEF/ICCIDD, 1994). Household SI content has also been proposed as a proxy measure for assessing the adequacy of dietary iodine and, thus, population iodine status, with values of 20-50 ppm serving as a target range for adequacy (WHO/UNICEF/ICCIDD, 1994; Mannar & Dunn, 1995) . Higher values in this range are more desirable where salt intakes may be low and conditions of high temperature and humidity, which accelerate iodine losses, are present (Diosady et al, 1997) .
Pregnant women and their fetuses are particularly vulnerable to the consequences of iodine deficiency. Iodine deficiency during pregnancy appears to increase the risk of abortion, stillbirth, low birth weight, and infant mortality (Pharoah et al, 1971; Pharoah, 1972; Chaouki & Benmiloud, 1994; Cobra et al, 1997; Dillon & Milliez, 2000) and can lead to cretinism in infants exposed to severe iodine deficiency in utero. Stunted growth and neuromotor, intellectual, behavioral and cognitive impairment have been described in children whose mothers were moderately to severely iodine deficient during pregnancy (Pharoah & Connolly, 1987; Fierro-Benitez et al, 1988; Azizi et al, 1995) . Transient hypothyroidism and increased thyroid volume have been observed in women and in neonates of women with mild-tomoderate iodine deficiency during pregnancy (Pedersen et al, 1993; Glinoer et al, 1995; Kung et al, 1997) . Studies suggest that cognitive impairment may exist among children whose mothers were even mildly iodine deficient during pregnancy (Glinoer & Delange, 2000) . Iodine is also required for the continued postnatal brain development of the young infant (Delange et al, 1988; Glinoer & Delange, 2000) , and in countries where exclusive breast-feeding is practiced, breastmilk is likely to be an essential source of dietary iodine for the young infant. Thus, pregnancy and lactation represent high-risk periods for monitoring prevalence of iodine deficiency and evaluating the impact of programs to control it when dietary iodine is likely to be lacking.
A community-based nutrient supplementation trial among women of reproductive age in the southeastern plains of Nepal provided access to a sample of women whose iodine status, assessed by UI and household SI content, could be assessed during pregnancy and lactation. This paper describes (1) UI concentrations of these pregnant and lactating women, (2) the distribution of iodine content of salt sampled from households of postpartum women, and (3) factors related to UI excretion and SI content in southeastern Nepal.
Subjects and methods
Sample and data collection Subjects for this study comprised married women of reproductive age living in three contiguous localities (village development communities, VDCs) of 5-6000 persons each in the central part of Sarlahi District, who were participating in a large, community-based trial to determine the effects of vitamin A or b-carotene supplementation on reproductive health outcomes. Details of the larger trial, of approximately 44 000 women in 30 VDCs of the Sarlahi District, are published elsewhere (West et al, 1999) . Briefly, participating women were provided a weekly low-dose supplement of vitamin A, b-carotene, or placebo based on a community randomization scheme. Pregnancy status was ascertained weekly, and pregnant women were followed for health and vital reproductive outcomes through 6 months postpartum.
In the three VDCs from which subjects for this study were enrolled, women received additional clinical, biochemical, anthropometric, morbidity, and dietary assessment during pregnancy and again at 3-4 months postpartum. Assessment included UI measurement. Participation was voluntary, and procedures for the clinical study were approved as part of the larger trial by institutional review boards in Nepal (Nepal Health Research Council) and the US (Johns Hopkins Joint Committee on Clinical Investigation).
Urine samples were collected from women during pregnancy from August 1994 to May 1997 and postpartum from January 1995 to June 1997. Although a small proportion of women contributed more than one pregnancy, only urine samples obtained during the first pregnancy reported during the intervention trial were included in this analysis. This resulted in a total of 1021 pregnancy and 1028 postpartum period urine samples. A total of 613 women contributed a urine sample at both times. There were 408 samples from pregnant women for whom a subsequent postpartum sample was not obtained, and 415 samples from postpartum women for whom a corresponding pregnancy sample had not been obtained.
SI was collected at households during a 6-month postpartum interview from June 1995 to November 1997. Salt was tested for potassium iodate using a locally produced semiquantitative kit (MBI Kits, Madras, India). Iodine content was recorded as 0, 7, 15, or 30 ppm. For this study, an SI of 30 ppm was considered adequate. Additionally, information was collected on whether salt was typically washed before use, and washed salt was assessed for iodine content in households that reported this practice.
Midday temperatures in the shade and a description of the day's weather recorded at the field site from September 1994 to November 1997 were summarized to characterize seasonality in this region. January-March was the postharvest season, with an average temperature of 21.91C and 17% of days considered cloudy or rainy. April-June was increasingly humid and warm, with an average temperature of 31.11C and 33% of days considered cloudy or rainy. July-September was the monsoon season, with an average temperature of 30.01C and 63.4% of days considered cloudy or rainy. October-December was the harvest season, with an average temperature of 25.51C and 11.4% of days considered cloudy or rainy.
Laboratory analysis of UI Urine samples collected in the field clinic were sealed in plastic tubes and transported to a Kathmandu laboratory that was set up solely for UI analysis. The method of analysis was adapted from Pino et al (1996) , using an ammonium persulfate oxidation step prior to analysis by the Sandell and Kolthoff (1937) reaction. All urine samples were tested in duplicate, in batches of 15-20 samples plus potassium iodate standards and controls. Standards contained up to 1.58 mmol/l iodine (1 mg/l ¼ 0.0079 mmol/l). Samples were diluted 1:1 in deionized water prior to the analysis. Considering the 1:1 dilution factor, up to 3.16 mmol/l iodine was measured in the urine samples. The assay was validated against a perchloric acid method (Dunn et al, 1993) at Johns Hopkins University, which also provided quality control samples. Further, internationally recognized quality control samples were kindly provided by the Program Against Micronutrient Malnutrition at Emory University (Atlanta, GA, USA) for validation purposes, and the assay performed well with these samples. Inter-and intra-assay CVs for quality control samples were 77% (10 representative assays).
Statistical analysis UI data were linked to subject records and variables of interest from the larger trial and data were analyzed in STATA version 5.0 (StataCorp, College Station, TX, USA) or SAS version 8.2 (SAS institute, Inc., Carry, NC, USA). Interventions (vitamin A, b-carotene, placebo) had no influence on iodine status (data not shown), so subjects from all groups were combined. Since UI measures were uncorrelated between pregnancy and postpartum periods in women who contributed samples to both (r ¼ 0.05, P ¼ 0.65), data generated during pregnancy and lactation were treated as independent cross-sectional data sets. To test whether the distribution of UI values among pregnant women had the same location as that of lactating women, a nonparametric two-sample test of medians was used.
Since UI data were not normally distributed and were censored above 3.16 mmol/l, data were expressed as percentages below or above cutoffs or as median values (with 95% confidence intervals). The Kruskal-Wallis test for multiple comparisons was used to identify categorical variables that predicted UI, with Po0.05 considered significant. To perform multivariate analyses and include continuous variables, median regression with backward stepwise variable selection (Po0.05 inclusion criteria) was used (Harris, 1950) , with season and VDC expressed as dummy variables.
Data for SI were expressed as the proportion of households in categories of salt iodization levels (0, 7, 15 or 30 ppm). To determine whether the proportion of households in categories of salt iodization changed following the washing of salt in households that reported this practice, a trend test across ordered groups was used. The proportion of households with adequately iodized salt (30 ppm) was examined by season and month. Since SI data were collected later than both the pregnancy and lactation urine samples in a larger group of women in the community, these data were not linked directly within subjects to the pregnancy and postpartum UI data.
Smoothed medians of UI and smoothed means of the proportion of households with SI of 30 ppm over the duration of the study were used to depict the covariation of UI and SI over time. Data for UI were divided into 10 bins of approximately 100 values each, from which median UI was calculated. Table 1 shows characteristics of the sample of women from whom UI data were obtained during pregnancy. Women tended to be low in weight and illiterate, and ranged in age from 15 to 41 y. The majority (87%) of women were enrolled during the first and second trimesters of pregnancy (r26 weeks), with average enrollment at 19 weeks of gestation.
Results

Iodine status
Women had higher UI concentrations during pregnancy than during the postpartum period (Table 2) . Median values Figure 1 for all households (n ¼ 1572), and for a subset of households before and after washing salt. This practice was reported in 15.6% of households (n ¼ 246). Among all households, 94% had salt with some degree of iodization (7 ppm or greater), but only 64% of salt samples collected had at least 30 ppm iodine. Typically, iodization is considered adequate if over 90% of households have iodized salt containing 430 ppm (WHO/UNICEF/ICCIDD, 1994). Washing salt dramatically shifted the distribution of SI content to lower values, with fewer than 23% of these samples having 30 ppm iodine.
Variability in UI and SI Seasonal fluctuations in UI concentrations are shown in Figure 2 . Seasonality had a significant impact on UI during both pregnancy and lactation in univariate and multivariate analyses adjusting for age and community, such that median UI concentrations were highest in the months of April-June, preceding the monsoon. No other variables, including height, weight, gestational age, or parity, were associated with median UI, and the magnitude of the differences in UI across age and VDCs was small compared to that seen across seasons (o0.3 mmol/l across age range and o0.2 mmol/l among communities compared to 0.8 and 0.5 mmol/l increases in UI from January-March to April-June during pregnancy and lactation, respectively).
For both pregnant and lactating women, only during April-June were median UI levels above 0.790 mmol/l for the nearly 3 y of data collection. From October to December, median UI among lactating women dropped below 0.395 mmol/l, the cutoff for moderate iodine deficiency. Although median UI remained significantly higher among pregnant compared to lactating women throughout the year, the magnitude of the difference in median UI between pregnant and lactating women was greatest in April-June.
Significant seasonal variation also existed in the proportion of homes with salt containing 30 ppm iodine (Po0.0001). For the 2 y in which data were available, the proportion of homes with salt iodized at 30 ppm peaked in March (85%) and remained elevated through May (79%). Only 44% of households had salt with 30 ppm in AugustOctober. Figure 3 shows the smoothed relations of UI and the proportion of adequately iodized salt over the course of the study. Median UI peaked but then began declining during the warm season of April-June, just following the decline in the proportion of houses with adequate SI. Median UI was also low in the months when adequately iodized salt was most lacking (August-October), and began improving following increases in the proportion of households with adequately iodized salt. Figure 1 Distribution of SI among salt content categories for all households (n ¼ 1572) and households reporting washing salt (n ¼ 246) before and after washing. Nonparametric test for trend indicated a significant change in how the iodine content of salt was distributed following washing (Po0.0001). 
Discussion
This study showed that (1) iodine status, as measured by UI, differed between pregnancy and the postpartum period in this sample of women in Nepal, (2) season played a large role in influencing iodine status as determined by UI, a marker of recent dietary intake of iodine, as well as the iodine content of salt in households; and (3) household practices of washing salt further compromised the availability of iodine in salt. Based on UI criteria, women in this region of southern Nepal would be considered mildly to moderately iodine deficient (WHO/UNICEF/ICCICC, 1994). Iodine status was worse during lactation, and improved for both pregnant and lactating women only during the warm months prior to the monsoon season. The median UI values found in our study were similar to values found in this region and elsewhere in the South Asia in recent years. Children in the Kashmir region of India were found to have a median UI concentration of 0.126 mmol/l in 1994 (Gardezi, 1994) . A recent national survey completed in Nepal found that UI was lower among women of the terai than in other geographical regions, with nearly 60% having UI below 0.79 mmol/l. Samples for that study were collected from December to February of 1998, which would correspond to a season of compromised iodine status in our study (Nepal Micronutrient Status Survey, 1998) .
Since iodine-deficiency prevalence surveys often do not include or account for data from pregnant or lactating women, it is difficult to compare our data with nationally or Figure 2 Effect of season on median UI concentrations during pregnancy and lactation: relation with established cutoffs for mild and moderate iodine deficiency. Bars represent medians of all UI data collected from 1994 to 1997 by season. Numbers over bars represent sample sizes. Iodine-deficiency cutoffs are indicated by dotted lines, and the degree of deficiency to which each range of median UI corresponds is described on the right-hand side of the figure. Effect of season on UI is significant by Kruskal-Wallis, P ¼ 0.0001. Within each season, differences in UI between pregnant and lactating women were significant by median two-sample test, Po0.005. (Pedersen et al, 1993; Glinoer et al, 1995; Caron et al, 1997; Elnager et al, 1998) and Sudan (Elnager et al, 1998; Eltom et al, 2000) . However, compared to European women, women in this region of Nepal are subject to additional environmental and nutritional stresses (West et al, 1999; Dreyfuss et al, 2000) that may compound the health consequences of mild-to-moderate iodine deficiency for themselves and their offspring. Pregnancy and lactation create different demands on the individual for iodine, and an understanding of iodine metabolism across reproduction may help to explain the persistent difference in iodine status between pregnant and lactating women in this study. Iodine is required for the increased production of maternal thyroxine throughout pregnancy and for fetal thyroid hormone production after the second trimester (Delange et al, 1988; Glinoer & Delange, 2000) . However, in addition to the enhanced demand for iodine, renal clearance of iodine increases during pregnancy (Aboul-Khair et al, 1964) , resulting in increased urinary losses of iodine compared to the nonpregnant state. Dworkin et al (1966) speculated that when customary intakes of iodine were low, the body could compensate by using circulating iodide more efficiently, thereby reducing urinary losses. This theory seems to be supported by data compiled by Smyth (1999) from a variety of population studies. In those studies, pregnancy and postpartum UI excretion generally did not differ between women with low iodine intake, but pregnancy UI excretion was higher than postpartum excretion among women with marginal-to-adequate iodine intake. That the difference in median iodine excretion between pregnant and lactating Nepalese women was reduced in the months when iodine status was poorest (ie excluding AprilJune) supports the notion that iodine may be conserved during pregnancy when iodine availability is most limiting. However, in general, because UI losses are enhanced during pregnancy, it is possible that standard cutoffs for iodine deficiency using UI as an indicator may underestimate the true burden of iodine deficiency among pregnant women.
An additional demand for iodine during lactation may further serve to decrease excreted UI during this time. The lactating mammary gland sequesters plasma inorganic iodide (Brown-Grant, 1961) , and iodine is secreted in breastmilk in concentrations comparable to those found in urine (Pedersen et al, 1993; Chaouki & Benmiloud, 1994; Smyth et al, 1997; Pongpaew et al, 1999) . Therefore, an increased intake of iodine during lactation compared to the nonpregnant, nonlactating state would be required to sustain UI concentrations. Assuming a fairly constant intake of iodine across the reproductive cycle, therefore, the physiological alterations in the handling of iodine during pregnancy and lactation may explain the significant differences in iodine excretion between pregnancy and lactation observed across seasons in this study.
Our most important finding was the predictable seasonality of SI and UI. The possible physiological consequences, for women or their offspring, of iodine intake that varies markedly by season are not known. Although the thyroid gland may be resilient to periodicity in iodine availability (Marine & Kimball, 1920) , it is not known if adequate iodine intake in one season will buffer the thyroid gland against leaner seasons, particularly in a region where multiple, closely spaced pregnancies may place an additional burden on the thyroid gland (Glinoer, 1997) . In iodine-replete individuals, iodine depletion over 4 weeks is sufficient to cause increases in thyroglobulin, a sensitive indicator of hypothyroidism (Brabant et al, 1992) . This suggests that differences would exist by season in indicators of thyroid function in these Nepalese women, who enter seasons of low iodine availability with only 3 months of apparently sufficient iodine intake. More research is needed in this population to determine the degree to which thyroid statusassessed using thyroid volume, thyroid hormones, thyroglobulin, and feedback mediators such as TSHFvaries by season. For the fetus, iodine insufficiency during the first two trimesters of pregnancy has the greatest potential for impacting neurological development (Xue-Yi et al, 1994) . Since most of these Nepalese women were in the first and second trimesters of their pregnancies, it would be important to determine whether any compromised developmental outcomes in these infants were associated with iodine status of the mothers during pregnancy. We can begin to further address these issues in this study sample.
Moreover, because breastmilk iodine reflects iodine intake (Gushurst et al, 1984) , and because breastmilk is likely to be the exclusive source of dietary iodine in young Nepalese infants, an important consideration for future study in this population is the impact of seasonal fluctuations in breastmilk iodine on iodine status of infants. Breastmilk iodine appears to be the best source of iodine for infants, as studies have demonstrated better iodine status in breastfeeding infants than those receiving iodine-supplemented formula (Bohles et al, 1993; Smyth et al, 1997) . From a programmatic perspective, therefore, improving iodine status of mothers throughout the year may be the best strategy for ensuring adequate iodine intake in infants where breastfeeding is practiced nearly universally.
Improving the retention of the iodine fortificant of salt in households may be an important strategy for improving iodine status throughout the year. Relative humidity, the type of packaging in which iodized salt is stored, and chemical impurities have a large impact on the retention of iodine in salt. Under experimental conditions, half the iodine content of salt was lost in 3 months when salt was stored in open containers at 100% relative humidity (Diosady et al, 1997) . This demonstrated volatility of even potassium iodate, the more stable of the SI fortificants, likely explains the low proportion of iodized salt, and subsequent low concentrations of UI, during and following the monsoon season. Whether the greatest losses of iodine from salt in relation to season occurred during production, storage, marketing, or in the household are not known, however. A thorough understanding of the movement of iodized salt through this region would help in devising strategies to preserve SI content.
Local practices for preparing and cooking with iodized salt should be considered when determining whether household salt is adequately iodized. Washing salt, for example, had a dramatic impact on its iodine content, with the number of households with adequately iodized salt halved following washing in households where this practice was reported. To our knowledge, the issue of washing salt has not been previously explored. However, Wang et al (1999) showed losses of 2-63% in SI content during cooking, depending on the cooking methods and types of foods used. Therefore, the handling of salt at the household level, as well as the amount consumed, can additionally compromise SI content for the user. A campaign to prevent the washing of salt could be another effective means of improving iodine status in this region.
Our findings also have implications for national surveys that rely on SI and UI concentrations to determine the prevalence of iodine deficiency. In environments that undergo dramatic fluctuations in temperature and humidity, surveys should be seasonally representative and/or the season of data collection should be specified. These issues are not emphasized in the monograph, 'Indicators for assessing iodine deficiency disorders and their control through salt iodization', a current guide to assessing iodine status of populations (WHO/UNICEF/ICCIDD, 1994).
Summary
Women of the plains of Nepal were generally mildly to moderately iodine deficient, depending primarily on reproductive status and the season of the year. Iodine status and SI content covaried by season, such that the greatest risk of iodine deficiency occurred during and following the monsoon. Iodine status was best during the months just prior to the monsoon, most likely because SI is most stable when humidity is low. The consequences of the variability in iodine status for mothers and infants are currently unknown. Ways to protect the iodine content of salt and to ensure adequate intake in high-risk population groups throughout the year must be considered when iodized salt is the primary means of maintaining adequate iodine status in a population.
